Aims To test a neurobehavioral model of adolescent substance use disorder (SUD) resulting from an imbalance between a hyperactive reward motivation system and a hypoactive executive control system. Specifically, we tested (1) if early weakness in working memory (WM) and associated imbalance indicators of acting-without-thinking (AWT) and delay discounting (DD) predict SUD in late adolescence and (2) if early drug use progression mediates this relation. Design Five waves of longitudinal data collected annually from 2005 to 2010, with a final follow-up in 2012. Setting and Participants Sample of 387 community adolescents (baseline ages 11-13 years) recruited from the Philadelphia, PA, USA area. Measurements WM was assessed at baseline using four different computerized tasks. AWT and DD were assessed at baseline using self-reports. Early drug use patterns were modeled using annual self-reports of recent drug use across the first four waves. Final outcome of SUD was assessed at last wave using self-reports matched to the DSM-5 criteria for three commonly used substances: alcohol, marijuana and tobacco. Findings Weakness in WM at baseline, associated with neurobehavioral imbalance indicators of AWT, B (SE) = -0.06 (0.02), P < 0.01 and DD, B (SE) = -7.30 (1.93), P < 0.01, was a significant predictor of SUD at final follow-up. WM predicted SUD both independent of early drug use, B (SE) = 0.08 (0.03), P < 0.05, and as mediated by early drug use progression, B (SE) = -0.06 (0.02), P < 0.01. Conclusions Adolescents with weak working memory have less control over impulsive urges, placing them at risk for later substance use disorder with some of the effects mediated by early drug use progression.
INTRODUCTION
Most substance use onset occurs during adolescence [1] , with a strong link between early onset and later dependence [2, 3] . Longitudinal evidence linking early onset to dependence has relied heavily upon retrospective reports of drug use assessed with high-risk samples [4] [5] [6] . Further, this research has overlooked the significant heterogeneity in early drug use patterns [7, 8] , leaving unaddressed the question of whether any early onset or specific forms of early drug use are predictive of later substance use disorders (SUD). Considerable research also finds that an underlying liability for disinhibition predisposes to externalizing behaviors during adolescence, including both early drug use and SUD [9, 10] . However, less is known about the neuropsychological mechanisms underlying this liability. Our study tests the role of weak executive control in relation to reward-seeking tendencies as a predisposing mechanism for early progression in drug use and subsequent SUD in adolescence.
In our prior longitudinal research with a cohort of community adolescents (n = 387; baseline ages 10-12 years), we tested and found support for a neurobehavioral imbalance model [11, 12] which proposes that an imbalance between a hyperactive reward system and a hypoactive executive control system predisposes adolescents to engage in progressive drug use after initial experimentation. Two forms of impulsivity that index this imbalance, namely acting without thinking (AWT) and delay discounting (DD), predicted progressive drug use trajectories from early to mid-adolescence [7] . AWT is a form of impulsive action that represents the tendency for rapid and unplanned responses to behavioral urges [13, 14] . DD is a form of impulsive choice reflecting a preference for smaller immediate rewards over larger delayed rewards [15] . These forms of impulsivity reflect a lack of top-down control over rewarding or impulsive urges, and are associated negatively with working memory ability (WM) [16, 17] -an important component of the executive control system that enables one to ignore distracting stimuli and to access information in memory that would discourage drug use during planning and problem solving [18, 19] . Individuals with better WM are therefore hypothesized to be more able to resist strong impulses, such as those associated with drug reward, and maintain focus upon less urgent or more distant negative consequences [18] [19] [20] .
According to our proposed model, the imbalance resulting from strong attraction to rewarding experience (e.g. drug use) in combination with weak executive control leads to progressive drug use, which eventuates in SUD. Although sensation seeking (a tendency to seek exciting or novel experiences) has often been linked to early drug use [21] , the imbalance model distinguishes between any early use and early progressive use that is associated with weak executive control. Although predictions of this model regarding early progression of drug use in human subjects have been confirmed [7] , its utility in predicting substance dependence has so far been tested only in animals [11, 12] . Here we extend our prior findings by testing whether the neurobehavioral imbalance model predicts SUD in human adolescents by re-interviewing the same cohort for SUD symptoms in late adolescence (ages 18-20 years).
The aims of this study were to: (1) test if early weakness in WM and associated imbalance indicators of AWT and DD predict SUD in late adolescence; and (2) evaluate if early drug use progression mediates this relation. We hypothesized that weakness in WM and associated neurobehavioral imbalance would be a prospective risk factor for SUD, as mediated by early drug use progression. In the absence of targeted intervention, individual differences in WM were likely to persist [20, 22] , leaving the adolescent vulnerable to SUD apart from early drug use progression. Weak WM could therefore continue to pose a risk for later SUD through poor impulse control or limited capacity to attend to the harms of drug use during planning and decision-making. These potential pathways to SUD are illustrated in Fig. 1 .
We chose to focus our analysis on alcohol, marijuana and tobacco, which are the three most commonly used substances by adolescents [1] , including in our sample. There is a high degree of covariance in the trajectories of use of these three drugs [23, 24] , as well as a high degree of comorbidity in early onset of SUD for all three drugs [9] . We used a latent SUD factor that captured dependence symptoms for these three substances as our main outcome variable.
METHOD

Study design
Longitudinal data were obtained from 387 adolescents who participated in the Philadelphia Trajectory study (PTS)-a six-wave study of a community cohort of adolescents recruited at ages 10-12 from the Philadelphia area. Participants were assessed annually for the first 5 years (waves 1-5), with a final follow-up 2 years later (wave 6). All self-reports were obtained using audio computer-assisted interviewing. Sample descriptives can be found in Table 1 . Further details about sample recruitment and characteristics can be found elsewhere [25] . We analyzed data from the last five waves of data (waves 2-6; 2005-2012) due to the very low rates of drug use (< 4%) during the first wave. Baseline (wave 2) assessments of WM and associated impulsivity dimensions were used as predictors of early drug use progression (from waves 2 to 5) and SUD (at wave 6). The study was approved by the Institutional Review Board of the Children's Hospital of Philadelphia. A certificate of confidentiality was obtained for the last wave when participants had reached the age of majority. Figure 1 Neurobehavioral imbalance model predicting SUD during adolescence. SUD = substance use disorder; WM = working memory. We hypothesized that the imbalance captured by weakness in WM and associated impulsivity dimensions will predict later SUD both directly and as mediated by early drug use experiences
Measures
WM
Participant WM was assessed based on performance on the following tasks that were largely non-verbal and thus not dependent upon differences in reading comprehension: (1) digit span backwards, (2) Corsi-block tapping, (3) letter-two-back and (4) a spatial WM task. WM assessments from wave 2 of the study were included in present analyses. All four WM tasks (described below) have been linked to activation in executive control brain regions [25] and loaded significantly on a single latent factor, with loadings ranging from 0.40 to 0.60. Digit span. This task tests the auditory-verbal WM of participants by having them repeat back, in reverse order, sequences of digits to the experimenter. The test was administered in standard format according to the procedures listed in the Wechsler Intelligence Scale for Children-4th edition (WISC-IV) manual [26] . Corsi-block tapping. This task is a non-verbal variant of the digit span task [27] . Participants view a set of identical blocks that are dispersed spatially on the screen, and are lit up individually in a random sequence. Participants are asked to tap each box in the reverse order of the sequence of lit boxes. This task also assesses spatial WM, as the visual sequence must be maintained and reversed in WM in order to guide the response. Letter two-back. This task involves monitoring a series of letters for a repeat 'two-back'. Letters are presented for 500 milliseconds each, separated by a 1-second interval. Participants must update their WM continually in order to compare the current letter to the letter shape presented two trials back. This task was adapted for children by Casey et al. [28] . Spatial WM. This self-directed computerized task requires the participant to search for hidden tokens one at a time within sets of four to eight randomly positioned boxes. WM skills are tapped as the participant, while searching, must hold in WM the locations already checked and, as tokens are found, must remember and update information about the locations of those tokens [29] . Between-search errors are made if the participant returns to a box where a token had already been found during a previous search sequence, and was used as a measure of WM performance.
Impulsivity dimensions
We assessed two dimensions of impulsivity: AWT, a measure of impulsive action, and DD, a measure of impulsive choice. Both measures have been associated with hyperactivation in the reward motivational system [30, 31] .
Acting without thinking. AWT was assessed using a nineitem self-report measure adapted from the Junior Eysenck Impulsivity Scale [32] that assesses the predisposition towards rapid, unplanned reactions to impulsive urges without thinking though the consequences (e.g. do you usually do or say things without thinking?) with binary (yes/no) response options. We used AWT assessed at wave 2 corresponding to WM and early drug use assessments.
DD. DD was assessed using a hypothetical monetary choice task [33] , where the participant is asked in the context of payment for a job to select an amount between $10 and $90 that if received immediately would be equivalent to receiving $100 6 months later. Respondents are asked initially if they would accept an immediate payment of $50. Using an iterative procedure, those who accept/reject this offer are asked if they would accept an amount lower/ higher than $50 in $10 decrements. Scores on this variable ranged from 10 to 100, which were reverse-scored such that higher scores were indicative of greater DD. Similar procedures have been shown to be valid with this age group [34] and to be valid indicators of the ability to delay gratification [35] . Research comparing hypothetical with real rewards and delays indicates that this procedure produces comparable estimates of individual differences [36] . We used DD at wave 3, when it was first assessed in the study.
Additionally, we included sensation seeking assessed at wave 2. Previously, we have found that sensation seeking, which is correlated positively with AWT [30] , does not predict progression in drug use [7, 20] controlling for the effect of AWT. Given that sensation seeking does not reflect an underlying weakness in executive control, we did not expect it to be a significant predictor of SUD. None the less, we tested its effect in our model.
Early drug use patterns
Based on our previous study [7] , we used a nominal variable with three categories (abstainers, experimenters, progressors) as a measure of early drug use trajectory classes. These classes were generated using latent growth class analysis to examine heterogeneity in early drug use patterns in PTS waves 2-5. Specifically, we used self-reported recent (past 30 days) use of alcohol, marijuana and tobacco on a cumulative scale coded 0 (no use), 1 (used only one drug), 2 (used two of the three drugs) and 3 (used all three drugs) in the past 30 days. This score from waves 2-5 was used to generate the latent class solution, which suggested a two-class solution: abstainers/experimenters (69.8%) and progressors (30.2%). The progressor class was defined by rapid escalation and persistent use during the 4 years, while experimenters had intermittent or low use at all waves. Given the high entropy score (0.80) [37] , classification criteria (> 91% classification probabilities) and model fit indices [likelihood ratio test (LRT) and bootstrap LRT results], we assigned participants to the latent classes to which they were most likely to belong based on highest posterior probabilities. We separated the experimenters from the abstainers, and used the nominal variable with three categories (progressors, experimenters, abstainers) with abstainers serving as the reference group.
SUD
At wave 6, if participants reported use of a specific drug in the past year, they were asked questions pertaining to substance abuse and dependence with an interview used by the National Survey on Drug Use and Health to identify SUD in the United States [38] . The DSM-5 has replaced the substance abuse and dependence classifications with 'substance use disorder', which includes a new craving item. We matched our survey items to the DSM-5 criteria for each of the three substances-alcohol, marijuana and tobacco. Craving was asked only for marijuana and tobacco. DSM-5 defines a mild drug use disorder as meeting two to three criteria. We used a continuous score which indicated number of criteria met, representing a continuum of severity of disorder. In the case of tobacco, only 14% of our sample met one or more criteria for SUD, 39% of which endorsed only one criterion. Therefore, we collapsed the tobacco use disorder severity scores to a binary variable. The scores for the three drugs were correlated significantly (r = 0.22-0.44). Further, given the comorbidity in early-onset SUD [39] and research suggesting a single underlying factor for consumption, dependence and abuse [40] , we used a latent factor with the criterion scores of alcohol, marijuana and tobacco as our outcome variable. Confirmatory factor analyses revealed that the criterion scores loaded on a single latent factor, with loadings ranging from 0.31 to 0.65. There was a significant residual correlation between alcohol and marijuana criterion scores (r = 0.30, P < 0.001), suggesting additional comorbidity in these two drugs. This covariance pathway was retained in the final model.
Urine drug screens
Although we relied upon self-reports to assess SUD criteria, we also acquired a urine sample to determine the presence of the following drugs: amphetamine, barbiturates, benzodiazepines, cocaine, cotinine, opiates, phencyclidine (PCP) and tetrahydrocannabinol (THC; the active ingredient in cannabis). Enzyme immunoassay was used for the initial screen and positive screens were confirmed by gas chromatography-mass spectrometry [41] .
Analytical plan
Five waves of PTS data (waves 2-6) were analyzed using structural equation modeling (SEM) procedures in Mplus version 7 using robust estimation procedures [42] . There was a 25% loss to follow-up over the six waves of the PTS, with only 13% attrition across the first five waves. Missingness was unrelated to participant demographics or key study variables, and was handled using full information maximum likelihood, which provides reliable estimates when data are missing at random [43] . Confidence intervals for mediated effects were obtained using the bias-corrected bootstrap re-sampling method [44] . Age and gender were included as covariates. Model fit was evaluated using multiple indices of global fit and an examination of residual diagnostics. The criteria for good model fit included a low χ 2 test statistic, a root mean square error of approximation (RMSEA) value less than 0.05 and values of the comparative fit index (CFI) and the TuckerLewis Index (TLI) greater than 0.95.
RESULTS
At the final follow-up (ages 18-20 years), 13.4% (n = 39) of the sample had developed alcohol use disorder (≥ 2 criteria), 14.5% (n = 42) had developed marijuana use disorder (≥ 2 criteria), while 14.1% (n = 41) showed at least one criterion for tobacco dependence (see Table 2 ). Table 2 Percentage of sample who met criteria for alcohol, marijuana and tobacco disorder at wave 6 (n = 290). In total, approximately a quarter of our sample (25.2%) reported sufficient criteria for a mild SUD-slightly higher than national estimates of 16% in 18-25-year-olds [45] . Alcohol and marijuana criteria scores were correlated at 0.44. The correlation of tobacco with alcohol and marijuana scores was lower at 0.22 and 0.27, respectively. As expected, more recent drug use was reported at the final follow-up (57.6% reported recent alcohol use, 34.8% cannabis use and 22.3% cigarette use) than during earlier waves when only 30.2% of the sample reported consistent drug use. Drug screening revealed high agreement with final wave self-reports for both cannabis (92%) and nicotine (77%). We did not have a reliable drug test for alcohol. Bivariate associations between key variables (see Table 3 ) revealed that the adolescents who developed SUD were more likely to have weaker WM performance and higher AWT and DD scores at baseline. No other differences were observed in terms of age, gender, race-ethnicity or socio-economic background.
Number of criteria met
In a direct-effects model (with no mediational pathways of influence), the direct effect of weak WM on SUD remained significant, even after accounting for early drug use patterns, B(SE) = -0.44 (0.17), P < 0.01. Early progression in drug use was also an independent predictor of SUD, B(SE) = 1.41 (0.47), P < 0.01, controlling for the effects of WM and impulsivity dimensions. Mediational analyses revealed that some of the effects of weak WM on SUD were channeled through early drug use patterns, and this model (see Fig. 2 ) provided the best fit to the data, χ Adolescents with weak WM and associated impulsivity dimensions of AWT and DD were more likely to engage in early and progressive drug use, which was an important mediated pathway of influence for developing SUD, B(SE) = -0.06 (0.02), P < 0.01. Additionally, weakness in WM remained a liability for SUD apart from early progression in drug use. Separate analysis revealed that this left-over effect of WM on SUD was direct and not mediated by impulsivity. We also tested the effect of sensation seeking, but it did not emerge as a significant predictor of SUD, B(SE) = 0.10 (0.10), P = 0.33, and was not retained in the final model. Our model explained 33% of variance in the latent SUD symptoms factor.
DISCUSSION
Our purpose here was to test the utility of a neurobehavioral imbalance model [11] for predicting SUD risk in human adolescents. Inspired by research in animals, this Table 3 Correlation matrix of key study variables. Bold values signify correlations significant at P < 0.05; *denotes significance at P < 0.08. WM = working memory; AWT = acting without thinking; DD = delay discounting; SD = standard deviation. WM factor scores were used for the correlation matrix even though a latent WM factor with four indicators was used in the
Early drug use progression and experimentation are correlated negatively by virtue of the group assignment,
i.e. those in the progressors group were not included in the experimenter group.
model posits that an imbalance resulting from a hyperactive reward system and a hypoactive executive control system increases risk for progressive drug use that leads eventually to SUD. Previously, we documented the utility of this model in predicting early and progressive drug use trajectories starting at ages 11-13 in a cohort of community adolescents. The present study re-assessed the same cohort at ages 18-20 to determine if early progression in drug use predicted greater drug dependence during later years compared to mere experimentation with drugs or non-use during younger years. We also tested the hypothesis that the same liabilities (i.e. underlying weakness in WM along with indicators of impulsivity) that predicted early progression of drug use would also continue to predict later dependence, regardless of early drug use experiences. The results supported our hypotheses. Specifically, we found that weak WM and associated impulsivity dimensions of AWT and DD, indexing the imbalance between the two neurobehavioral systems, predicted early drug use progression and subsequent SUD. Weakness in executive control continued to act as a liability for later drug use and SUD apart from early progression and impulsivity. We interpret this liability as a weakness in the capacity to screen out impulses associated with immediate drug rewards and to access information in memory that discourages drug use. Other research testing this model has found similar vulnerabilities associated with sexual urges [17, 46] .
Weak WM, even if not associated with an underlying imbalance as indexed by AWT and DD, could still put adolescents at risk for later SUD. It is possible that other indicators of neurobehavioral imbalance, besides the two we assessed, could mediate this left-over direct effect. Weakness in WM is also associated with a compromised ability to process complex information, leading to poor decision-making. Regardless, it is clear that early weakness in executive control can pose risk for later SUD even apart from early progression in drug use.
Our findings have implications for theories that focus on early drug use initiation as a primary risk factor for later SUD [2, 3] . Although we found early progression in drug use to be an important predictor for SUD, it is also clear that the underlying liability of poor executive control continues to pose a risk for SUD during later years. This suggests that focusing exclusively upon preventing early adolescent drug use will miss a significant amount of later risk for SUD unless the underlying liability is changed. Thus, interventions to strengthen executive control over behavioral impulses early in adolescence may be a strategy that can reduce the risk of SUD whether drug use is initiated early or later.
Our results are consistent with other models of drug dependence and addictive behaviors that focus upon a general liability for disinibition [9] , as well as dual systems models that focus upon individual differences in self-control [47, 48] . Broadly, these models suggest that a general disinhibitory tendency is predictive of a wide range of externalizing behaviors. Our findings identify weakness in executive control as a critical component of this liability and provide greater specification of the cognitive and motivational mechanisms that underlie this tendency. Popular theories of adolescent risk behaviors (e.g. developmental imbalance models) attribute the rise in risk-taking during adolescence to an imbalance between the same processes proposed by our model Figure 2 Final structural equation modeling (SEM) model showing effects of underlying weakness in executive control on substance use disorder (SUD) that is both direct and mediated by early drug use progression. *P < 0.05; **P < 0.01; ***P < 0.001. WM = working memory; AWT = acting without thinking; DD = delay discounting. 'Early drug use experiences' was a nominal variable including abstainers, experimenters and progressors; 'abstainers' was omitted as the reference group. Only the 'progressors' group was a significant predictor of SUD risk, and is shown in the model above. There was a significant residual correlation between alcohol and marijuana criterion scores. Model fit: χ 2 (d.f. = 57) = 69.24, P = 0.13; root mean square error of approximation (RMSEA) = 0.02 (0.00, 0.04), comparative fit index (CFI) = 0.97, Tucker-Lewis Index (TLI) = 0.96. The effect of age and gender was controlled for. The model explained 33% of variance in the latent SUD risk factor [49, 50] . Nevertheless, we suggest that these imbalance models overgeneralize tendencies that are especially characteristic of a subset of youth with weakness in executive control relative to reward-seeking urges. Although there is a surge in reward seeking during adolescence, as captured by higher levels of sensation seeking [51, 52] , it may not pose significant risk unless there is an accompanying imbalance created by weakness in executive control. This imbalance is probably present only in a subset of adolescents who exhibit early indications of low self-control [9, 10] .
Interventions targeting self-regulation have shown promising results in reducing drug use and other externalizing behaviors. In particular, family-focused interventions, such the Family Check-Up [53, 54] and Iowa Strengthening Families program [55] , that use positive parenting strategies to prevent youth disinhibitory behaviors, appear to be effective in reducing drug use. Interventions to prevent the escalation in drug use and later SUD could profit by specifically targeting weakness in executive control functions such as WM and inhibitory control. So far, these cognitive training interventions have focused mainly upon academic skills [56] . Our findings suggest that improvements in WM could have protective effects on impulsivity. There is some evidence that WM training in adults with SUD can reduce impulsive responding on DD tasks [57] . However, whether this can be implemented successfully in adolescents remains a fertile area for further research.
Although we studied a large sample of community adolescents, we are limited in terms of the generalizations we can make in comparison to more nationally representative samples. Further, our reports of drug use and SUD symptoms were based on self-reports which, even though are not as reliable, were corroborated by biological assessments. We were also unable to include the DSM-5 craving item in our assessment of alcohol use disorder. Finally, although our model predicted SUD risk specifically for the three commonly used substances during adolescence, the use of other drugs such as cocaine, methamphetamine or heroin was negligible in our sample (0-3%). This lends greater confidence in the model's ability to predict a dominant SUD risk in this population.
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